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 The existence of LCC compounds was provided in PHL and NSSC spent liquors.
 Acidification was a means for isolating lignin/lignosulfonate from spent liquors.
 The heating values of precipitates were related to the properties of precipitates.
 Precipitates of PHL can be used as fuel due to their low ash content.a r t i c l e i n f o
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Acidification has been commercialized for producing kraft lignin from black liquor of kraft pulping pro-
cess. This work intended to evaluate the effectiveness of acidification in extracting lignocelluloses from
the spent liquor of neutral sulfite semichemical pulping (NSSC) process and from prehydrolysis liquor
(PHL) of kraft-based dissolving pulp production process. The results showed that the NSSC and PHL spent
liquors had some lignin-carbohydrate complexes (LCC), and that the square weighted counts of particles
with a chord length of 50–150 lm in the spent liquors were significantly increased as pH dropped to 1.5.
Interestingly, the acidification reduced the lignosulfonate/lignin content of NSSC and PHL by 13% or 20%,
while dropped their oligosugars content by 75% and 38%, respectively. On a dry basis, the precipitates had
more carbon, hydrogen and a high heating value of 18–22 MJ/kg, but less oxygen, than spent liquors. The
precipitates of PHL could be used as fuel.
 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The extensive use of oil based chemicals has generated an enor-
mous environmental footprint. Today, there is a strong incentive
for producing green chemicals to replace oil-based chemicals to
serve the environment better. Recently, the production of green
chemicals from wood derived materials has obtained great atten-
tions (Amidon et al., 2008; Fatehi and Ni, 2011a,b; Liu et al.,
2011). Forest biorefinery has been considered as a platform for
the generation of green chemicals from cellulosic materials
(Amidon et al., 2008; Fatehi and Ni, 2011a; Liu et al., 2011; van
Heiningen, 2006). Recently, ionic liquid (Da Costa Lopes et al.,
2013; Kilpelainen et al., 2007), phosphoric acid and hydrogen per-oxide (Wang et al., 2014) and SO2-ethanol-water mixture
(Yamamato et al., 2014) were suggested as means to fractionate
biomass in order to produce value-added materials.
The neutral sulfite semichemical pulping (NSSC) and prehydrol-
ysis (PHL) based kraft pulping processes are commercially prac-
ticed in industry to produce various pulp grades (Area et al.,
2000a, 2000b; Fatehi and Ni, 2011a, 2011b; Saeed et al., 2012). In
the NSSC based process, wood chips are pretreated with sodium
sulfite and carbonate (Dashtban et al., 2014), while in the PHL
based process, the wood chips are pretreated with steam and/or
hot water (Saeed et al., 2012). These pretreatment processes dis-
solve a part of hemicellulose and lignin from wood chips in pulping
spent liquors. These hemicellulose and lignin can be accommo-
dated in the production of value-added products if separated from
spent liquors (Dashtban et al., 2014; Saeed et al., 2011).
Acidification is a commercial process for extracting lignin from
black liquor of kraft pulping process (Kouisni et al., 2012; Tomani,
2010). It was reported that the acidification of prehydrolysis liquor
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some lignin separation from PHL (Liu et al., 2011). However, no
details were provided on the properties of lignin and/or particles
that were separated via acidification. It is also unclear how acidifi-
cation can assist with the extract of lignosulfonate/hemicelluloses
from NSSC spent liquors. In order to develop a commercial acidifi-
cation process for isolating lignocelluloses from these spent
liquors, it is crucial to evaluate the properties of spent liquors, lig-
nocelluloses and other components in spent liquors and the impact
of acidification process on these properties, which was the first
objective of this work.
The production of value-added products from lignocelluloses of
spent liquors has been reported in the past (Dashtban et al., 2014;
Oveissi and Fatehi, 2015; Oveissi et al., 2016; Saeed et al., 2011). In
one study, it was reported that the lignocelluloses of pulping spent
liquors can be used in composites (Fatehi and Ni, 2011a); while in
another report, it was stated that the lignocelluloses can be used as
fuel (Liu et al., 2011). Acidification not only separates lignocellu-
loses but also isolates inorganic compounds from the spent liquors.
To understand if the precipitates can be used as fuel or materials in
composites, it is crucial to investigate the compositions and heat-
ing values of the precipitates made via acidification of spent
liquors, which is the second objective of this work.
In this study, NSSC and PHL spent liquors were received from
industry, and their properties were characterized. For the first
time, the existence of lignin-carbohydrate complexes (LCC) in NSSC
and PHL spent liquors was reported in this work. Another novelty
of this work is the evidence for the change in the chord length of
particles in the spent liquors via acidification. The chemical com-
positions and ash contents of the precipitates were also correlated
with their theoretical and experimental high heating values.2. Materials and methods
2.1. Materials
The analytical grades of furfural (>99%), acetic acid (>99%),
Chloroform-d, CDCl3 (analytical grade), pyridine acetic anhydride
(analytical grade), sulfuric acid and sodium hydroxide were
obtained from Sigma-Aldrich. The spent liquor (pH 5.7) of NSSC
process was received from an NSSC pulping process located in east-
ern Canada in which mixed hardwood is pretreated with sodium
sulfite and bicarbonate at 180 C for 15–18 min to produce NSSC
spent liquor. The PHL (pH 4) was received from a mill located in
eastern Canada in which mixed hardwood was used for producing
dissolving pulp via a hydrolysis based kraft process. In this process,
wood chips are pretreated with saturated steam at 170 C for
30 min to produce PHL (Saeed et al., 2011, 2012). Three samples
were received from the companies over a three-month period in
2015 and their average properties were reported in this work.2.2. Acidification analysis
In this set of experiments, 200 mL samples of NSSC and PHL
samples were added to 400 mL glass beakers. The pH of NSSC
and PHL spent liquors was changed to various values using concen-
trated sulfuric acid (96 wt.%). The chord length of particles for the
samples at different pHs were analyzed using a focused beam
refractive measurement (FBRM) instrument, Particle Track E25
probe Mettler-Toledo AutoChem, USA. The instrument had a
5 mm scan circle diameter and a 25 mm supported probe diameter.
The diameter of the impeller with 4 angled blades was 50 mm. The
internal diameter between the probe and impeller was 65 mm. In
this test, the impeller was positioned 10 mm above the probe win-
dow. Then, the probe was presented below 20 mm the surface ofthe samples. The impeller was set at 250 rpm, and the analysis
was conducted for 30 min at different pHs, while the scanning
interval was 3 s. Data was collected by iC FBRM 4.2 control soft-
ware using 90 log – channels over the range 1–1000 lm after
5 min of the experiment (i.e. when the system was stabilized).
In addition, the NSSC and PHL samples at different pHs were
collected for lignin, oligosugars, COD and turbidity analyses. The
original and acidified NSSC and PHL samples (at pH 1.5) as well
as the precipitated samples were also collected for molecular
weight and elemental analyses. The average of three testes was
reported in this work.
2.3. Hemicellulose analysis
The concentration of oligosugars and monosugars in the NSSC
and PHL was determined using an ion chromatography, Dionex,
ICS 5000, Thermofisher Scientific, equipped with CarboPacTM SA10
column and an electrochemical detector (ED) (Dionex-300, Dionex
Corporation, Canada). Deionized water and KOH Eluent Generator
(EGC 500 KOH, ThermoScientific) were used to generate an eluent
of 1.00 mM of KOH at a flow rate of 1.2 mL/min. The column tem-
perature was set at 30 C. The monosugar concentration in the
spent liquors was measured without pretreating the spent liquors.
To determine the oligsugar concentration in the spent liquors, both
NSSC and PHL spent liquors were acid-hydrolyzed under the con-
ditions of 4% sulfuric acid at 121 C for 1 h in an oil bath (Hakke
S45, Instruments, Inc., Portsmouth, N.H., USA) based on the method
described in the literature (Liu, 2008). This acid hydrolysis is
widely used for converting oligosugars to monosugars (Liu, 2008;
Liu et al., 2011; Saeed et al., 2011). Afterward, the concentration
of monosugars in the spent liquors was determined as stated
above, and this measurement reflected the total concentration of
monosugars (after conversion of oligosugars to monosugars) in
the spent liquors. The concentrations of oligosugars were deter-
mined via subtracting total sugar concentrations from monosugars
(Liu et al., 2011; Saeed et al., 2011).
2.4. Lignin, COD and turbidity analyses
The lignin content of the NSSC and PHL samples was deter-
mined according to TAPPI UM 250 using UV spectrophotometry
at 205 nm (GENESYS 10S UV–vis, Thermo Scientific) (Liu et al.,
2011). The chemical oxygen demand (COD) analysis of the spent
liquor samples was carried out using a COD kit (0–1500 mg/L)
obtained from CHEMetrics Inc., USA. In this test, the samples were
mixed with the premixed chemical kits (as received from the com-
pany) and then incubated in a block digester at 150 C for 2 h.
Afterward, the absorbency of the sample was measured at
620 nm (Oveissi et al., 2016). The turbidity of the samples was
assessed by using a turbidimeter, 2100AN, HACH Company, USA,
at room temperature.
2.5. Furfural and acetic acid analyses of SL
A Varian Unity Inova 500 MHz 1H NMR spectrometer was used
for determining the concentrations of furfural and acetic acid in the
NSSC and PHL spent liquors according to the previously described
method (Saeed et al., 2012). Furfural and acetic acid standard solu-
tions were prepared to establish calibration curves for determining
furfural and acetic acid concentrations in the samples.
2.6. Elemental, ash and high heating value analyses
The organic compounds of the spent liquors and precipitates
were determined using a Vario EL cube instrument (Germany)
according to the previously described method (Fadeeva et al.,
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mately 0.02 g of dried samples was transferred into the carousel
chamber of the elemental analyzer. The combustion was carried
out at 1200 C, and the generated gasses were reduced to analyze
carbon, hydrogen, oxygen and nitrogen contents of the samples.
The other elements of the spent liquors and precipitates (0.2 g
oven dried) were measured by an Inductive Coupled Plasma Emis-
sion Spectrometer (ICP), a Varian Vista Pro CCD equipped with
CETAC ASX-510 autosampler, a cyclonic spray chamber and a Sea-
spray nebulizer according to the method established in the past
(Gupta et al., 2003; Yuan et al., 2010). The ash content of the NSSC
and PHL spent liquor samples was determined according to TAPPI
T412. The high heating value of precipiates is defined as the speci-
fic energy (i.e. per unit of mass) yielded from a complete combus-
tion of biomass (Obernberger and Thek, 2010). The heating value of
the preicpiates (0.3–0.4 g) was determined according to ASTM
E711-87 using a Parr 6200 oxygen bomb calorimeter, which was
attached to a Parr 6510 water handling system.
2.7. Molecular weight analysis
Samples with a 5 g/L concentration in 0.1 mol/L NaNO3 were
prepared from NSSC and PHL samples at original pH and acidified
pH of 1.5, and then the samples were stirred at 300 rpm for 24 h.
Afterward, the samples were filtered with a 0.2 lm nylon filter
(13 mm diameter), and the filtered solutions were used for molec-
ular weight analysis. The molecular weight of samples was mea-
sured using a Gel Permeation Chromatography, Malvern GPCmax
VE2001 Module + Viscotek TDA305 with multi-detectors. The col-
umns of PolyAnalytic PAA206 and PAA203 were used in the analy-
sis, and 0.1 mol/L NaNO3 solution was used as solvent and eluent.
The flow rate was set at 0.70 ml/min, while the column tempera-
ture was 35 C and poly (ethylene oxide) was used as standard
samples for this aqueous system. The UV detector at 280 nm wave-
length was used for molecular weight determination of lignin,
while reflective index (RI) and intrinsic viscosity-differential pres-
sure (IV-DP) were used for molecular weight analysis of hemicellu-
loses. This method was used for determining the molecular weight
of lignin, hemicellulose and lignin-carbohydrate compounds (LCC)
in the past (Tunc et al., 2010).
2.8. NMR analysis
In this set of experiment, 100 mg of precipitates were added to
2 mL of dry pyridineacetic anhydride (1:1) and kept for 72 h to dis-
solve. Then, the solutions were added to a 20 mL ice-cold water,
the acetylated samples were recovered as precipitates after cen-
trifuge at 3500 rpm for 10 min, and subsequently dried in a vac-
uum oven (Jahan et al., 2012). Afterward, the 1H NMR spectra
were recorded for solutions of acetylated samples in 0.5 mL CDCl3
using the solvent as an internal standard. For quantification of pro-
tons, the signals of some specified regions of the spectrum were
integrated with respect to a spectrum-wide baseline drawn at
the level of the background noise, and the results were referred
to the signal for methoxyl protons, whose average number per
C9 unit was established in accordance with the procedure
described in the literature (Jahan et al., 2012).3. Results and discussion
3.1. Compositions of spent liquors
The compositions of the NSSC and PHL samples are listed in
Table 1. The lignin contents of NSSC and PHL were approximately
58 and 20 g/L, respectively. The concentrations of oligosugars were17 and 51 g/L in the NSSC and PHL samples, respectively. The
monosugar contents of NSSC sample was low, but PHL contained
35 g/L monosugars. As is well known, the purpose of pretreatment
process in the prehydrolysis stage of dissolving pulp production
process is to remove hemicelluloses fromwood chips prior to pulp-
ing (Sixta, 2006), which was the reason for the high concentration
of sugars in PHL (Table 1). Interestingly, the NSSC and PHL con-
tained some acetic acid, which is originated from the hydrolysis
of the acetyl group of wood chips in the pretreatment stage (Li
et al., 2010; Liu, 2008; Saeed et al., 2012). The spent liquors had
marginal furfural content. In the past, the spent liquor of an NSSC
process contained 59–69% lignin, 2–24% hemicelluloses and 12–
29% acetic acid (Area et al., 2000a, 2000b). However, PHL in the
present study contained more sugars and lignin compared to that
reported a previously (Fatehi and Ni, 2011a). In another study,
the steam hydrolysis of softwood chips at 215 C for 5 min resulted
in hydrolysis liquor that contained 70 g/L lignin, 64 g/L xylan and
4.2 g/L furfural (Soderstom et al., 2004).
Table 2 lists the elemental compositions of the spent liquors.
PHL had a higher amount of carbon than did NSSC, but NSSC had
a higher amount of oxygen than PHL. It is observable that NSSC
contained about 4 wt.% sulfur while PHL had a negligible sulfur
content. The presence of sulfur in the NSSC sample is due to the
pretreatment of wood chips with sodium sulfite as stated earlier.
In another study on the steaming of mixed hardwood chips at
170 C for 30 min generated PHL that had 58% carbon, 5.7% hydro-
gen and 35% oxygen (Jahan et al., 2012). It is also seen that sodium,
calcium, and potassium were more concentrated than other ele-
ments in both samples. Potassium may be originated from wood,
but calcium and sodium could originate from wood and/or pre-
treatment chemicals in the NSSC process (Inari et al., 2009; Scott
et al., 2001).
3.2. Molecular weight analysis
The response of the detectors as a function of retention time of
components in the GPC column was helpful in identifying the
molecular weight of components (Figure available in Supplemen-
tary Material). The UV response at 280 nm corresponded to the lig-
nin segments of the samples while the IR and IV-DP responses
were for hemicellulose segments. A similar approach was consid-
ered for detecting the lignin and hemicellulose of a spent liquor
produced via the water hydrolysis of southern hardwoods (Tunc
et al., 2010). It was observed that the UV detector captured signals
at 2 min and 15 min for NSSC and PHL, while insignificant
responses were received by RI and IV-DP detectors at these reten-
tion times. This analysis implies that the NSSC and PHL contained
high molecular weight lignin compounds (Tunc et al., 2010). How-
ever, it was not possible to determine the molecular weight of
these compounds eluted at 2 min, as no calibration standard sam-
ples were available for this retention time. These compounds are
most probably high molecular weight lignin condensates that are
generated in the pretreatment processes.
The molecular weights of lignin and hemicelluloses determined
by GPC analysis are listed in Table 3. Evidently, lignin segments in
the NSSC and PHL samples had the molecular weights of approxi-
mately 84,000 and 54,000 g/mol, respectively. It was reported that
the pretreatment of wood chips might liberate lignin-carbohydrate
complexes (LCC) from wood chips in addition to liberating lignin
and hemicelluloses (Lawoko et al., 2006; Tunc et al., 2010). LCC
complexes were claimed to be detected by UV, IR and IV-DP
responses of GPC analysis when signals were received at the same
retention time (Lawoko et al., 2006; Tunc et al., 2010). NSSC and
PHL had UV and RI signals at the same retention times; thus, it
can be hypothesized that both NSSC and PHL had LCC compounds,
and the molecular weights of these compounds were approxi-
Table 1
Concentrations (g/L) of components in industrially produced NSSC and PHL samples.
Samples Total sugar Monosugars Oligosugars Lignosulfonate/lignin Acetic acid Furfural Sum
NSSC 21.3 4.5 16.8 58.1 17.7 0.3 137.1
PHL 86.4 35.5 50.9 20.5 11.6 0.6 122.8
PHL1 15.0 N/A N/A 10.2 13.1 N/A N/A
Steam hydrolysis3 N/A2 N/A 644 70 N/A 4.24 N/A
1 Fatehi and Ni (2011a).
2 Not available.
3 Soderstom et al. (2004).
4 Only xylan.
Table 2
Elemental compositions (on a dried basis) of untreated and acidified spent liquors as well as of precipitates made via acidification of spent liquors at pH 1.5.
Elements, g/g Elements, lg/g
N C H S O1 Al Ca Fe K Mg Mn Na P Si
NSSC 0.18 35.14 4.33 4.22 54.61 7.7 1047.7 11.9 6165.5 427.1 222.9 6929.0 164.4 74.3
A-NSSC 0.19 31.05 3.20 6.3 57.87 6.7 969.8 10.1 5925.1 403.8 213.6 6049.0 155.9 70.9
P-NSSC 0.61 45.30 4.17 3.18 39.22 97.2 1133.1 51.3 2882.0 549.8 224.0 69875.5 105.5 163.0
PHL 0.09 47.17 5.61 0.18 44.89 2.9 4321.3 102.3 9230.9 1128.7 388.9 4513.9 686.9 89.5
A-PHL 0.12 52.42 4.51 0.17 40.09 6.7 5766.7 115.1 11918.8 1507.2 514.6 5824.6 914.5 121.5
P-PHL 0.33 56.06 4.98 0.33 36.31 76.6 4334.7 104.0 8528.0 1415.0 378.5 4138.0 527.0 156.8
PHL2 N/A 57.80 5.77 N/A 35.50 N/A N/A N/A N/A N/A N/A N/A N/A N/A
1 Oxygen + other non-traceable elements.
2 Jahan et al. (2012).
Table 3
Molecular weight analysis of NSSC and PHL, g/mol.
Sample Hemicellulose Lignin
Low MW1 High MW Low MW
NSSC 2341 84,327 2047
A-NSSC 1815 51,403 1815
PHL 1439 53,666 1530
A-PHL 1543 39,823 971
PHL2 N/A N/A 2973
1 No high MW hemicellulose was detected as shown in Supplementary Material.
2 Jahan et al. (2012).
P. Fatehi et al. / Bioresource Technology 218 (2016) 518–525 521mately 2000 and 1500 g/mol in NSSC and PHL, respectively
(Table 1). Therefore, it can be concluded that NSSC and PHL con-
tained high molecular weight lignin segments and low molecular
weight LCC compounds. The lignin of PHL produced via steam
hydrolysis of hardwood chips at 170 C for 30 min had a molecular
weight of 2900 g/mol, but LCC compounds were not analyzed
(Jahan et al., 2012). It is well known that the type of biomass spe-
cies and the conditions of pretreatment and/or pulping processes
play crucial roles in the molecular weight of lignin and hemicellu-
loses extracted from wood chips (Sixta, 2006). As the wood chip
source and pulping/pretreatment conditions were different for
NSSC and PHL processes, the molecular weight of lignin and hemi-
celluloses were somewhat different (Table 3).3.3. Acidification process
Acidification was proposed as a method to isolate lignin from
various spent liquors. Lignoboost and LignoForce were developed
based on the acidification concept and are commercially used in
North America to extract kraft lignin from black liquor of kraft
pulping processes (Kouisni et al., 2012; Tomani, 2010). In this set
of experiments, the acidification of the spent liquors was con-
ducted at different pHs. Fig. 1 shows the square weighted counts
of particles in the spent liquors as a function of their chord length
detected by the FBRM under different acidic pHs. The square
weighted counts of particles were reported to be closely correlatedto the size of particles, and not affected by the agitation intensity
and solid concentration of solutions/suspensions (Heath et al.,
2002). Generally, by reducing pH to 1.5, the square weighted
counts of particles with the chord length of 50–150 lm increased
significantly for NSSC and PHL, implying that particles agglomer-
ated and generated larger particles under stronger acidic condi-
tions. Under acidic conditions (e.g. pH 1.5), 1) the charged groups
on lignin/lignosulfonate and hemicelluloses are protonated, and
this reduces their solubility (Kouisni et al., 2012), 2) lignin com-
pounds may polymerize and form condensed insoluble structures
(Yasuda et al., 1998), 3) inorganic particles may be neutralized,
and thus coagulate and form large particles with lignin and/or
LCC, 4) lignin and hemicelluloses may coagulate together, and/or
5) the coagulated lignin/hemicelluloses complexes and/or LCC
may agglomerate and create large particles.
3.4. Impact of acidification on Lignocellulose removal
Fig. 2 shows the lignosulfonate/lignin and hemicellulose con-
tents of spent liquors as a function of pHs of the spent liquors after
filtration. It is observable that the acidification of NSSC and PHL to
pH 1.5 reduced their lignosulfonate/lignin content by 13% or 20%,
respectively. These results suggest that NSSC and PHL contained
some acid insoluble lignin, and PHL contained more acid insoluble
lignin than NSSC as its lignin content dropped more significantly
via reducing pH to 1.5. Interestingly, 75% and 40% of hemicellu-
loses/oligosugars were removed from NSSC and PHL via acidifica-
tion to 1.5, respectively. In the past, the hemicellulose content of
PHL dropped by 38% via acidifying its pH to 2 (Liu et al., 2011).
The acidification to pH 1.5 increased the acetic acid content of
NSSC and PHL from 17 and 11 g/L to 21 and 20 g/L, respectively.
However, furfural content of NSSC and PHL was changed margin-
ally. These results suggest that the acetyl groups attached to hemi-
celluloses in NSSC and PHL were converted to acetic acid under
acidic conditions (Liu, 2008).
Fig. 3 shows the turbidity and COD of the spent liquors as a
function of pH after filtration. It is observable that NSSC had a
higher turbidity than did PHL, which is due to the presence of inor-
ganic salts (sodium sulfite and carbonate) in the NSSC (Table 1).
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Fig. 1. The square weighted counts of particles in the spent liquors as a function of the chord length of particles in the spent liquors at different pHs.
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considerably due to the reduction of lignin and hemicelluloses.
The COD content of PHL was more than that of NSSC due to its
higher organic content (Table 1). Reducing pH to 1.5 reduced the
COD content of PHL by 40 g/L and of NSSC by 20 g/L. These reduc-
tions are due to the lignin and hemicellulose removals (Fig. 2).
The response of the detectors in the GPC analysis as a function
of retention time for NSSC and PHL samples after acidification (pH
1.5) and filtration was analyzed to identify the molecular weight
changes of components (Figure available in Supplementary Mate-
rial). Both UV and RI detectors registered responses at 15 min con-
firming that a part of LCC compounds was still present in the
acidified NSSC and PHL (Tunc et al., 2010).
The results in Fig. 1 depicted that insoluble complexes with
large sizes were formed via acidifying NSSC and PHL. After filtering
these suspensions, a significant lignin and hemicelluloses removals
were obtained (Fig. 2), which implies that the removal of lignin and
hemicelluloses were related together. These removals were further
confirmed by turbidity and COD reductions in Fig. 3. As stated ear-
lier, the simultaneous removal of lignin and hemicelluloses would
most probably be related to the removal of LCC compounds (Tunc
et al., 2010). However, the results depict that some LCC compounds
were still present after acidification. Therefore, based on the results
in Table 3 and Fig. 2, it can be concluded that acidification 1) did
not remove all of lignosulfonate/lignin and hemicelluloses, and 2)
did not remove all of the LCC. Furthermore, the lignin components
with the GPC retention time of 2 min was absent in the acidifiedNSSC and PHL. Thus, acidification removed high molecular weight
lignin segments from both spent liquors.
3.5. Impact of acidification on elements
Included in Table 2 are the elemental compositions of acidified
NSSC (A-NSSC) and PHL (A-PHL) at pH 1.5 after filtration. It is seen
that the carbon, hydrogen, oxygen and nitrogen contents of the
spent liquors were changed via acidification. Interestingly, the
results suggest that A-NSSC contained less carbon containing
materials than NSSC, but A-PHL contained more carbon-
containing materials than PHL. Furthermore, other elements of
NSSC (e.g. calcium and potassium) dropped via acidification, but
their portions were increased via acidification. Because of different
chemistries of NSSC and PHL, elements/compounds responded dif-
ferently to acidification, however, the reason for this phenomenon
is unknown.
3.6. Precipitates analysis
3.6.1. Heating/elemental analysis
Included in Table 2 are the results of precipitated NSSC (P-NSSC)
and PHL (P-PHL) samples. Compared to NSSC and PHL, P-NSSC and
P-PHL contained higher carbon, hydrogen and silica; but lower
oxygen, potassium and phosphorous. These results suggest that
acidification can be a means to 1) increase the carbon and hydro-
gen contents of lignocelluloses dissolved in the spent liquors, and
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Fig. 2. Lignin/lignosulfonate and hemicellulose contents of NSSC and PHL as a
function of pH after filtration.
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Table 4
High heating value (MJ/kg), dry matter content (wt.%) and ash content (wt.%) of NSSC
and PHL.
Sample HHV using
Eq. (1)
HHV using
Eq. (2)
HHV
measured
Dry matter
content
Ash
content
NSSC 14.28 12.02 12.83 12.50 5.99
PHL 19.18 18.44 18.09 11.40 0.45
P-NSSC 18.42 16.40 15.96 50–60* 27.3
P-PHL 22.79 21.61 20.69 50–60* 4.69
* Varied depending on the sample.
P. Fatehi et al. / Bioresource Technology 218 (2016) 518–525 5232) selectively isolate some elements from spent liquors. Lignosul-
fonates are deprotonated in the spent liquor (i.e. are in their
sodium form). Thus, the removal of lignosulfonate from NSSC
was accompanied by a significant sodium removal (Table 2).
The heating values of NSSC, PHL, P-NSSC and P-PHL can be
determined based on their elemental compositions. Jablonskyet al. (2013) estimated the high heating value (MJ/kg) of lignin
via using Eq. (1):
HHV ¼ 0:40659 C ð1Þ
where C is the carbon content of lignin (wt.%).
In the same vein, the heating value of biomass (MJ/kg) was cor-
related to its elements based on Eq. (2) (Gaur and Reed, 1998):
HHV ¼ 0:3491C þ 1:1783H  0:1034O 0:0211A
þ 0:1005S-0:0151N ð2Þ
where C, H, O, A, S and N are carbon, hydrogen, oxygen, ash content,
sulfur and nitrogen contents (wt.%) of biomass, respectively. Table 4
lists theoretical and experimental high heating values as well as dry
matter and ash contents of NSSC, PHL, P-NSSC and P-PHL.
The NSSC and PHL contained 6 wt.% and 0.4 wt.% ash, respec-
tively. The high ash content of NSSC is due to the presence of inor-
ganic salt originated from the pretreatment process of wood chips
with sodium sulfite and carbonate (Area et al., 2000a, 2000b;
Dashtban et al., 2014). Based on the ash and elemental contents
of the samples, the heating values of the samples were calculated.
Generally, the Eq. (2) predicted the precipitates better than Eq. (1),
most probably due to the fact that more factors affecting the com-
bustion of biomass were considered in Eq. (2) than in Eq. (1) for
HHV analysis.
The results also showed that the precipitates had relatively
higher heating values, dry matter content, and ash content than
did NSSC and PHL. The high organic and dry matter contents of
the precipitates may facilitate their end-uses in different applica-
tions. It is inferred from these results that P-PHL would generate
a higher heating value than P-NSSC due to its higher carbon con-
tent and lower ash content (Table 4). The heating values of hemi-
celluloses and lignin were reported to be 13.6 MJ/kg and 27.0 MJ/
kg, respectively (Lee et al., 2003; van Heiningen, 2006). The heating
values of black liquor and wood pellets varied from 13 to 15.5 MJ/
kg and from 17.63 to 20.8 MJ/kg, respectively (Gavrilescu, 2008;
Telmo and Lousada, 2011). The high heating value and low ash
content of P-PHL may suggest its use as fuel. However, the high
ash content of P-NSSC may prevent its use as fuel (Table 4). Alter-
natively, the combustion of P-NSSCmay facilitate its sodium recov-
ery. Therefore, if the recovery of the pretreatment chemicals were
needed by the NSSC process, the burning of P-NSSC might help
generate extra heat and recover the pretreatment chemicals.
3.6.2. Structural analysis
Table 5 lists the signal assignments and the number of protons
attached to P-NSSC and P-PHL. P-PHL contained more protons than
did P-NSSC. The P-PHL had a higher concentration of both syringyl
and guaiacyl aromatic groups, whereas P-NSSC had more meth-
oxyl, aromatic and aliphatic acetates. The aliphatic groups have
been claimed to be reacted in poly formaldehyde and polyurethane
productions, while aromatic part of lignin has been claimed to par-
ticipate in free radical polymerization and grafting (Duval and
Lawoko, 2014). Therefore, if the precipitates were to be used in
the production of value-added products, the results might suggest
Table 5
Functional groups present in P-PHL and P-NSSC.
Range (ppm) Main assignments P-PHL P-NSSC
7.25–6.80 Aromatic proton in guaiacyl unit 0.53 0.46
6.80–6.25 Aromatic proton in syringyl unit 0.66 0.32
6.25–5.75 Ha of b-O-4 and b-1 structures 0.15 0
5.75–5.24 Ha of b-5 structure 0.18 0.20
4.90–4.30 Ha and Hb of b-O-4 structure 0.54 1.03
4.30–4.00 Ha of b-b structures 0.55 0.58
4.0–4.38 H of methoxyl groups 2.91 3.05
2.50–2.22 H of aromatic acetates 1.66 2.18
2.22–1.60 H of aliphatic acetates 3.93 4.51
Total protons per C9 structural unit 11.40 12.74
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cations that would require the copolymerization of lignin with
varying acrylic monomers (due to the higher concentration of
guaiacyl units), but P-NSSC would be best suited for composite
applications (due to the higher concentration of highly reactive
aliphatic OH groups in P-NSSC that in P-PHL) (Duval and Lawoko,
2014). Furthermore, based on the NMR and elemental analysis
results in Tables 2 and 5, the chemical structures of P-PHL
and P-NSSC were also identified as C9H7.7O3.86(OCH3)0.97 and
C9H8.0O5.48(OCH3)1.02, respectively.
3.7. Process analysis
Experimental results in Tables 1 and 4 as well as in Fig. 2 depict
that approximately 28–30 g/L of P-NSSC and 24–25 g/L of P-PHL
were formed via acidifying NSSC and PHL, respectively. This results
suggest that 2–3 wt.% of NSSC and 2.3–2.5 wt.% of PHL would pre-
cipitate via acidification to pH 1.5.
Furthermore, a 0.016 mol/L concentration of sulfuric acid in
NSSC or PHL is required to reach a pH of 1.5 for the precipitation
of lignocelluloses, which implies that the concentration of sulfuric
acid in spent liquors should be 0.16 wt.%. In the Lignoforce technol-
ogy, kraft lignin is precipitated at pH 10 and the precipitated lignin
may be washed with sulfuric acid (e.g. at pH 1) for further purifi-
cation, which means that the treatment of lignin with strong sulfu-
ric acid is commercially practiced in the Lignoforce technology in
order to produce a lignin with a high purity (Kouisni et al.,
2012). On the other hand, a part of acid is used to neutralize alkalis
associated with the precipitated kraft lignin in the Lignoforce
technology (i.e. a pH reduction from 10 to 1), while no acid is
needed to neutralize the precipitates in the NSSC and PHL (as the
pHs of NSSC and PHL are acidic). Based on the aforementioned
analysis, the ratio of consumed acid to generated precipitates
was 0.05–0.08 kg/kg in the NSSC and PHL processes, while a ratio
of 0.2–0.3 kg/kg acid/lignin was needed in the Lignoforce technol-
ogy to generate kraft lignin (Kouisni et al., 2012). In the Lignofore
technology, the acid washing step is conducted on the precipitated
lignin (i.e. after filtering precipitates at pH 10 from black liquor)
(Kouisni et al., 2012), while the direct acid treatment of the spent
liquors is required for the NSSC and PHL processes to produce pre-
cipitates. This study showed that the acidification can be an option
to generate precipitates from under-utilized lignocelluloses of
NSSC and PHL for producing fuel or value-added products (i.e. sim-
ilar to the Lignoforce technology). However, further study is
needed to identify the operating and capital costs associated with
this separation process.4. Conclusions
NSSC contained more lignin compounds and PHL contained
more hemicelluloses, but both had LCC compounds. The acidifica-tion of NSSC and PHL led to the formation of large particles in spent
liquors and to isolating lignosulfonate/lignin (with large molecular
weights) and hemicelluloses from spent liquors. LCC compounds
were still present after acidification in the spent liquors. On a dry
basis, acidification led to precipitates with higher carbon and
hydrogen but lower oxygen content than spent liquors (on a dry
basis). P-PHL can be used as fuel due to its high heating value,
but P-NSSC may be used in composite production.
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